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NEUROSCIENCE

Small-molecule targeting AMPA-mediated
excitotoxicity has therapeutic effects in mouse models
for multiple sclerosis

Dongxu Zhai', Shuxin Yan', James Samsom’, Le Wang', Ping Su’, Anlong Jiang', Haorui Zhang?,
Zhengping Jia?, Izhar Wallach®, Abraham Heifets*, Chiara Zanato®, Chih-Chung Tseng®,
Albert H.C. Wong"*®7, lain R. Greig®, Fang Liu'>7-3*

While most research and treatments for multiple sclerosis (MS) focus on autoimmune reactions causing demye-
lination, it is possible that neurodegeneration precedes the autoimmune response. Hence, glutamate receptor
antagonists preventing excitotoxicity showed promise in MS animal models, though blocking glutamate signal-
ing prevents critical neuronal functions. This study reports the discovery of a small molecule that prevents
AMPA-mediated excitotoxicity by targeting an allosteric binding site. A machine learning approach was used
to screen for small molecules targeting the AMPA receptor GluA2 subunit. The lead candidate has potent effects
in restoring neurological function and myelination while reducing the immune response in experimental auto-
immune encephalitis and cuprizone MS mouse models without affecting basal neurotransmission or learning
and memory. These findings facilitate development of a treatment for MS with a different mechanism of action
than current immune modulatory drugs and avoids important off-target effects of glutamate receptor antago-
nists. This class of MS therapeutics could be useful as an alternative or complementary treatment to existing
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therapies.

INTRODUCTION

First named as sclérose en plaques disséminées by the famous neu-
rologist J.-M. Charcot in 1866, multiple sclerosis (MS) is a prototyp-
ical demyelinating disorder (I). Myelin is a major component of the
sheath around axons, providing electrical insulation that accelerates
signal conduction throughout the central and peripheral nervous
system (2). This widespread distribution results in the myriad and
variable clinical neurological deficits that occur when myelin is
damaged. Clinical symptoms of MS include blindness, weakness
or paralysis, heat intolerance, paresthesia, incontinence, depression,
and problems with coordination and cognition (3). These symp-
toms can occur in combination and can fluctuate or persist,
leading to categorization into a number of clinical subtypes: clini-
cally isolated symptoms, relapsing-remitting MS (RRMS), primary
progressive MS, and secondary progressive MS.

MS has traditionally been considered an autoimmune disorder
in which CD4" T cells target myelin, leading to inflammation that
causes demyelination and white matter lesions throughout the
nervous system. MS has a higher prevalence in colder climates
and at more northern latitudes, and this geographic distribution
suggests an environmental factor (4). Early observations about the
disease pointed to an infectious cause, such as the absence of MS in
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the Faroe islands north of Scotland until the arrival of British sol-
diers in World War II (5). Epstein-Barr and the Human herpesvi-
rus-6 (HHV-6) viruses have the strongest evidence linking them to
MS (6, 7). Further evidence for an infectious cause or trigger is that
MS can occur in geographic clusters and that people moving from
low- to high-risk areas are especially vulnerable (8). Regardless of
the initiating event, autoimmune inflammation destroys the
myelin sheath in RRMS, with microglial activation and macrophag-
es leading to neurodegeneration in progressive MS (9). The herita-
bility of MS has been estimated to be 50% (10), and large-scale
genome-wide association studies have identified many genetic var-
iants in noncoding regions of immune system genes that are also
associated with other autoimmune disorders (11). These variants
account for approximately half of the heritability of MS (12).

With autoimmunity as the presumed pathophysiology of MS, the
development of treatments for MS have focused on modulating the
immune system. Acute episodes in RRMS are treated with a number
of drugs including glucocorticoids and interferons beta 1a and 1b
that increase anti-inflammatory cytokines, reduce proinflammatory
cytokines, and reduce T cell activation (13). Glatiramer acetate re-
sembles myelin basic protein and may thus act as a decoy to reduce
T cell activation against myelin while also altering the differentia-
tion of T cells to less inflammatory subtypes (14). Other immune-
modulating drugs for RRMS are the monoclonal antibodies natali-
zumab and mitoxantrone; the anti-CD20 drugs rituximab, ocrelizu-
mab, and ofatumumab; and the S1P inhibitor fingolimod (15). In
contrast, there is a lack of available treatment for the progressive
forms of MS, which is characterized by chronic inflammation and
neurodegeneration (16).

An alternative pathophysiological hypothesis is that MS is pri-
marily or initially a neurodegenerative disorder, in which the
death of neurons releases myelin that in turn triggers a secondary
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autoimmune reaction (17). Neuroprotective strategies could thus
act upstream of the autoimmune mechanisms leading to demyeli-
nation. Regardless of which model is correct, neuroprotective treat-
ments could be effective against neurodegeneration in progressive
MS and reduce autoimmunity by decreasing the myelin released
by dying neurons. With this strategy in mind, targeting the process-
es that lead to neuronal death becomes a promising prospect for de-
veloping treatments. In particular, neuroprotection against
glutamate excitotoxicity is a potential avenue that could yield effec-
tive therapies.

There is mounting evidence for the role of glutamate-mediated
excitotoxicity in MS. Excess glutamate has been measured in the
brains and cerebrospinal fluid of patients with MS (18, 19), along
with up-regulation of AMPA [2-amino-3-(3-hydroxy-5-methyl-
isoxazol-4-yl) propanoic acid], NMDA (N-methyl-p-aspartate),
and kainate ionotropic glutamate receptors (20). Both AMPA and
NMDA inhibitors rescued neurological deficits and reduced in-
flammatory cytokines in the experimental autoimmune encephali-
tis (EAE) rodent model for MS (21, 22). Our group previously found
that protein interactions involving the GluA2 subunit of AMPA re-
ceptors were involved in regulating excitotoxic cell death (23), and
disrupting these interactions reduced neurological deficits, demye-
lination, and axon damage in EAE mice (24).

Clearly, the evidence points to ionotropic glutamate receptors as
a target for neuroprotection in MS. Inhibitors of AMPA and
NMDA receptors have problematic side effect profiles due to the
ubiquity of these receptors in the central nervous system (CNS)
and their critical role in brain function (25, 26). Fortuitously, the
structure of AMPA receptors is well characterized (27), allowing
for detailed molecular simulation of binding sites for potential allo-
steric modulators of AMPA function, which may provide neuropro-
tection while limiting potential off-target effects. We previously
identified a binding site outside of the canonical ligand-binding
domain within the GluA2 AMPA subunit (23). We hypothesize
that this site is critical for regulating AMPA-mediated excitotoxicity
and could serve as a potential target for small-molecule treatments
for MS.

NTD

LBD

TMD

To advance the development of a viable treatment for MS that
provides neuroprotection by targeting glutamate excitotoxicity, we
identified a number of drug-like small-molecule candidates that
were predicted to bind to our discovered allosteric site using a con-
volutional neural network approach to screen a large chemical space
(28). Here, we report the results of experiments to test the efficacy of
these small molecules in restoring neurological function and myeli-
nation in the mouse models for MS. These data are a proof of prin-
ciple that a small-molecule allosteric modulator affecting AMPA-
mediated excitotoxicity could have potential as a treatment for MS.

RESULTS

In silico screen identifies small molecules likely to bind the
GluA2 allosteric binding site

We used an artificial intelligence—enabled approach to predict
small-molecule binding to the GluA2 AMPA subunit. We had pre-
viously identified a 30—amino acid fragment in the N-terminal
region of GluA2 (Y142 to K172), which we found was critical for
regulating the role of AMPA in excitotoxic cell death (23). This
region was used as the target binding site for the AtomNet deep
neural network, which had previously been trained on a general
set of thousands of proteins and millions of ligands.

Our discovered allosteric binding site was specified as the target
for our in silico screen using the 3KG2 structure of GluA2 down-
loaded from the Protein Data Bank (PDB) (Fig. 1). The chemical
space screened started with the 8.2 million molecules in the ZINC
catalog, which was narrowed down to 1.2 million by our criteria to
filter out compounds with problematic properties, e.g., salts, auto-
fluorescers, redox cyclers, duplicates, and compounds unlikely to
cross the blood-brain barrier. The remaining compounds were al-
gorithmically clustered on the basis of scaffold, and exemplar com-
pounds from each cluster were chosen to ensure diversity of
compound coverage. Unlike a focused library for well-studied
targets such as kinases, we had no a priori reason to constrain the
screened compounds toward certain chemotypes. All the remaining
523,140 molecules were rank-ordered by AtomNet score. Last,

Fig. 1. lllustration of the binding site on the AMPA glutamate receptor 2 (GluA2) structure used for the virtual screening. (A) GIuA2 x-ray crystal structure down-
loaded from the PDB (ID: 3KG2) showing the N-terminal domain (NTD), ligand-binding domain (LBD), and transmembrane domain (TMD). The allosteric binding site used
as the target for screening is marked in magenta. The orthosteric active site within the LBD cleft forming the binding pocket for agonist and competitive antagonist drugs
is indicated with a red arrow. (B) Enlarged view of the screening target binding site. Structures were rendered using EzMol.
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compounds that cost over $200 were eliminated, and the top 50
molecules were bought for further characterization. At no point
were compounds manually cherry-picked.

Screening and refinement of candidates to select
pharmacologically suitable lead compounds

The 50 candidates identified in our in silico screen were tested for
the ability to block glutamate-mediated excitotoxicity in human
embryonic kidney (HEK) 293 cells stably expressing GluA1 and
GluA2. Potency of molecules of interest in preventing cell death
was acquired from concentration curves. Three promising hits
were identified, each based on the unusual pyrrolo-pyrazole skele-
ton. These showed good potency [median inhibitory concentration
(ICs0) < 300 nM] and, in the case of compound 1 (YH668), mod-
erate in vitro stability (human and rat liver microsomes T/, = 73
and 37 min, respectively). Compound 1 was selected for
optimization.

As shown in Fig. 2A, a range of left-hand side aryl/heteroaryl
rings were tolerated (compound 2: W, X, Y, and Z = CH or N),
most favorably bearing an electron-withdrawing group at the
meta-position as shown. The right-hand benzyl group was moved
to the other pyrrole nitrogen, resulting in slightly more potent but
much more metabolically stable analogs (compounds 3 to 5). A
comparison of representative positional isomers (compounds 1
and 3) showed an improvement in potency from 200 to 35 nM
and an increase in rat and human liver microsomal half-lives
from 37 to 309 min and from 73 to 329 min, respectively. There
was a flat structure-activity relationship (SAR), punctuated by un-
explained activity cliffs: A wide range of modifications to the R; sub-
stituents at the right-hand side of compound 2 were tolerated with
no loss of potency; however, some closely related modifications
could lead to a dramatic loss of potency (see the Supplementary Ma-
terials). The SAR associated with these modifications was in turn
affected by the nature of the left-hand aromatic/heteroaromatic
ring, and no simple relationship could be determined. Studies indi-
cated that the carboxamide shown in compounds 1 to 5 was optimal
for potency but that a wide range of cyclic and acyclic secondary or
tertiary amides were tolerated (R; and R, substituents in compound
2). On the other hand, the structure property relationship was ex-
tremely brittle, and small changes in structure could have dramatic
effects on solubility, stability, permeability, or efflux. Thus, only a
small number of compounds had suitable in vitro ADME (absorp-
tion, distribution, metabolism, and excretion) properties.

In vitro models indicated that compound 3 (pyrazine: X =N, Y =
CH, and Z = N), compound 4 (pyrimidine: X=CH, Y =N, and Z =
N), and compound 5 (phenyl: X = CH, Y = CH, Z = CH) had low
risks for cardiotoxicity (hERG), cytotoxicity (HepG2), mutagenicity
(Ames), and CYP450 inhibition (five common isoforms) with a
~1000-fold window between the ICsq for each and ICs, versus
our target. Furthermore, compound 3 did not hit any targets in
the SafetyScreen44 assay at 10 pM (ligand displacement <50% at
all targets, with the exception of D, at 54%). These compounds
were confirmed for potency to inhibit glutamate-mediated toxicity
(Fig. 2, B to D, and table S1).

These compounds all had good oral bioavailability (e.g.,
ZCANI155: 58%; ZCAN262: 90%) and, as shown in Fig. 2E, accept-
able plasma protein and brain tissue binding. Contrary to the high
in vitro stability in liver microsomes and hepatocytes, the in vivo
half-life was measured at only around 1 hour, presumably due to
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the low volume of distribution (V). Other non-CYP450—mediated
routes of metabolism (aldehyde oxidase and xanthine oxidase) were
not found to be involved. A number of attempts were made to in-
crease the logP to increase V4 (and reduce renal clearance, should it
be an additional factor), but these proved of limited benefit and
were associated with increased metabolic clearance and, thus, no
improvement in half-life.

The addition of a second fluorine to compound 4 (compound 6
—ZCAN262) gave apparent incremental improvements in each of
human, rat, and mouse microsomal stability, and this compound
was selected for further in vivo characterization. As predicted, the
small increase in vitro in mouse (105 versus 141 min) did not lead to
any enhancement of in vivo half-life; however, the larger improve-
ment seen in rat liver microsomes (an increase from 158 to 451 min)
prompted further investigation in a rat model and, although the V4
remained low, there was a considerable reduction in clearance (<5
ml min~" kg™'; <10% liver blood flow), which proved sufficient to
give a brain half-life of >2.5 hours (2.6 and 4.2 hours in separate
experiments). Crucially, ZCAN262 had a marked improvement in
CNS exposure and allowed for Cii, unbound to remain above the ICs
versus the target (estimated free concentration 128 nM at 24 hours
following a 10-mg/kg dose). Thus, ZCAN262 was selected as our
top preclinical candidate compound in the treatment of MS,
which binds our discovered allosteric site.

All three candidate molecules improve neurological
function in EAE mice

We further evaluated the effect of compounds 1 (YH668), 3
(ZCAN155), and 6 (ZCAN262) on neurological function in vivo
using the EAE model, which is the most common autoimmune
mouse model for MS. The parent YH668 significantly improved
clinical scores (F; ;o = 120.9, P < 0.00001, r]P2 =0.92 [0.81; 1])
(Fig. 3A). Post hoc marginal means comparisons showed significant
improvements starting almost immediately from day 13 after induc-
tion all the way to day 28, but there was no interaction with time
(Fy7,150 = 1.14, P = 0.32, n,> = 0.11 [0; 1]). The mean effect size
for reduction in clinical score across pairwise comparisons for sig-
nificant time points was d = —2.13 [—3.36; —0.91]. ZCAN155 was,
likewise, able to improve EAE clinical scores in a dose-dependent
manner (F, 5, = 26.6, P < 0.00001, qu =0.71 [0.50; 1]) with a sig-
nificant interaction over time (F3g 497 = 2.71, P < 0.00001, np2 =0.20
[0.08; 1]) (Fig. 3B). Improvements crossed the significance thresh-
old starting from day 15, and the mean effect size for significant re-
ductions in clinical scores was d = —2.21 [-3.55; —0.88] at 5 mg/kg
and d = —3.45 [-4.79; —2.11] at 10 mg/kg. The most potent of our
molecules was ZCAN262, which caused significant reductions in
EAE scores (F, 53 = 95.9, P < 0.00001, npz =0.89 [0.81; 1]) with a
significant interaction over time (F3¢ 355 = 2.20, P = 0.00042, npz =
0.16 [0.04; 1]) (Fig. 3C). Reductions became significant starting
from day 13, and the mean effect size for significant reductions
was d = —1.69 [—-2.68; —0.70] at 2.5 mg/kg and d = —2.08 [-3.07;
—1.09] at 5 mg/kg. Hence, ZCAN262 showed comparable effects to
YHG668 at a lower dose. ZCAN155 had large pairwise effects, but
they became significant at later time points than either YH668 or
ZCAN262, and the overall effect size was smaller. Nevertheless, all
three compounds improved motor function in EAE mice.
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Fig. 2. Structures of compound 1 (YH668), compound 3 (ZCAN155), and compound 6 (ZCAN262). (A) Dose response of glutamate-induced cell death to different
concentrations of YH668 (B), ZCAN155 (C), and ZCAN262 (D). (E) Summary of in vitro ADMET for YH668, ZCAN155, and ZCAN262. Pot, potency in cell death model; HLM/
RLM, half-life in human/rat/mouse liver microsomal stability assays, respectively; HHep, half-life in human hepatocyte stability assay; Perm, Papp A-B in MDR1-MDCK
permeability assay; Efflux, Papp B-A/A-B in MDR1-MDCK permeability assay; Sol, kinetic solubility in water; hERG, ICsq for inhibition of hERG channel; CYP3A4, ICs, for
inhibition of CYP3A4 function; Mut at 100 uM, presence or absence of mutagenic effect in Ames assay at 100 pM; PPB%, % plasma protein binding; BLB, % brain lipid/

tissue binding.

ZCAN262 improves neurological function in the cuprizone-
diet MS mouse model

No single animal model captures all the features of MS, with the
main and obvious shortcoming being in construct validity: No
mouse spontaneously develops MS, so an artificial inducer is re-
quired. Since the etiology of MS remains uncertain, we chose to
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supplement our data from the autoimmunity-based EAE model
with a neurotoxin model; cuprizone is the most widely used toxin
model for MS. We also expanded the range of neurological tests to
include open field locomotion (Fig. 3, D and E) and the rotarod
(Fig. 3, F and G). Treatment significantly affected distance traveled
(F25 = 5.69, P = 0.0084, n° = 0.29 [0.06; 1]) and velocity (F,.s =
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Fig. 3. Treatment with our novel compounds significantly improves motor function in the EAE and cuprizone-diet models for MS. EAE clinical scoring treated
daily with YH668 (A), ZCAN155 (B), and ZCAN262 (C) using intraperitoneal (i.p.) or oral administration (ZCAN262) starting after clinical symptoms begin to occur (day 11
after immunization) in the EAE mouse model for MS. Repeated-measures analysis of variance (ANOVA) (YH668 n = 6, EAE n = 6; ZCAN155 n = 10 each dose, EAE n = 5;
ZCAN262 n =10 each dose, EAE n = 7), post hoc marginal means. Distance traveled over a 90-min period (D) and mean velocity (E) in the open field test in control-diet (Ctr)
+ oral vehicle (Veh), cuprizone-diet (Cup) + Veh, and Cup + oral ZCAN262-treated mice. Latency to fall (F) and the speed at which mice fell (G) from the rotarod. Oral
treatments started after 2 weeks on the cuprizone diet. ANOVA with post hoc Tukey's HSD, n = 10 per group. Error bars represent means + SEM; ns, not significant; *P <
0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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5.66, P =0.0086, q2 =0.29 [0.05; 1]) in the open field. Post hoc com-
parisons showed that ZCAN262 restored both locomotor activity
(control versus saline P = 0.020, d = 1.20 [0.29; 2.12]; saline
versus ZCAN262 P = 0.022, d = —1.29 [—2.29; —0.29]; control
versus ZCAN262 P = 0.98, d = —0.09 [—1.04; 0.86]) and mean ve-
locity (control versus saline P = 0.022, d = 1.19; saline versus
ZCAN262 P = 0.021, d = —1.30 [—=2.31; —0.30]; control versus
ZCAN262 P=0.97,d=—0.12 [-1.07; 0.84]) to levels indistinguish-
able from control-diet mice when compared with saline-treated
mice. Likewise, treatment significantly improved both time to fall
(F528 = 13.15, P < 0.00001, nz =0.48 [0.24, 1]) and rotational veloc-
ity at fall (F,,5 = 65.45, P < 0.00001, n°> = 0.49 [0.24, 1]) in the
rotarod test. ZCAN262 restored both falling latency (control
versus saline P = 0.0003, d = 2.00 [0.95; 3.04]; saline versus
ZCAN262 P = 0.0006, d = —1.85 [—2.88; —0.82]; control versus
ZCAN262 P = 0.94, d = 0.15 [-0.77; 1.06]) and falling rpm
(control versus saline P = 0.0004, d = 1.93 [0.89; 2.97]; saline
versus ZCAN262 P = 0.0003, d = —1.95 [—2.99; —0.91]; control
versus 262 P = 0.99, d = —0.023 [—0.94; 0.89]) to control-diet
mice levels relative to saline-treated cuprizone-diet mice. This
shows that ZCAN262 caused dramatic improvement in measures
of neurological dysfunction in the cuprizone-diet demyelination
model for MS.

ZCAN262 restores myelination, axon integrity, and
oligodendrocytes in the cuprizone-diet mouse model

for Ms

In conjunction with the rescue of neurological function by
ZCAN262 in the cuprizone mouse in vivo, we analyzed the histopa-
thology effects of this drug postmortem. We focused on a subset of
immunohistochemical and electron microscopic analyses relevant
to the core pathology of MS: myelin, axon number and integrity,
myelin thickness on axons, oligodendrocyte numbers, and activated
microglial infiltration. The corpus callosum contains heavily mye-
linated axons that form a major white matter tract connecting the
cerebral hemispheres and is an easily demarcated structure for his-
tological analysis of myelination.

Figure 4 (A to C) clearly shows the almost complete rescue of
myelin with ZCAN262 treatment in the corpus callosum to that
of control mice without cuprizone treatment. Daily treatments sig-
nificantly affected FluoroMyelin intensity in both the medial (F, s,
=16.12, P < 0.00001, n? = 0.37 [0.20;1]) and lateral (F,,, 5 = 25.86, P
< 0.00001, 1]2 = 0.30 [0.19; 1]) corpus callosum. There was signifi-
cant demyelination in cuprizone-fed mice compared to controls
(medial P < 0.00001, d = 1.74 [1.03; 2.45]; lateral P < 0.00001, d =
1.47 [1.00; 1.93]). Post hoc Tukey's revealed significant improve-
ments in FluoroMyelin intensity between treated and untreated cu-
prizone-fed mice (medial P=0.0018, d = 1.22 [0.50; 1.93]; lateral P <
0.00001, d = 1.15 [0.67; 1.64]), with levels in treated restored to that
of the control-diet—fed mice (medial P =0.26, d = 0.52 [—0.15; 1.20];
lateral P = 0.37, d = 0.31 [—0.15; 0.77]).

A more detailed electron microscope examination of axon struc-
ture is illustrated with sample images in Fig. 5A. We quantified my-
elinated axon number, myelin thickness, and the g ratio (the inner-
to-outer diameter of the myelin sheath) as metrics for axonal integ-
rity (29). ZCAN262 treatment significantly affected myelinated
axon density (F, 4, = 43.97, P < 0.00001, r]z = 0.42 [0.31; 1])
(Fig. 5B), myelin thickness (F, 35, = 69.04, P < 0.00001, r]2 =0.28
[0.21; 1]) (Fig. 5C), and myelin g ratio (F,36, = 75.36, P <
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0.00001, 1]2 = 0.29 [0.23; 1]) (Fig. 5, D and E). Post hoc Tukey's
showed that cuprizone diet significantly affected all three measures
of myelin integrity (density: P < 0.00001, d = 1.72 [1.24; 2.19]; thick-
ness: P < 0.00001, d = 1.37 [1.10; 1.65]; g ratio: P < 0.00001, d =
—1.36 [—1.64; —1.09]). ZCAN262 significantly improved these mea-
sures (density: P < 0.00001, d = 1.81 [1.32; 2.30]; thickness: P <
0.00001, d = 1.20 [0.93; 1.46]; g ratio: P < 0.00001, d = —1.33
[-1.59; —1.06]), with treated mice restored to levels indistinguish-
able from control-diet-fed mice (density: P = 0.91, d = —0.09
[—0.53; 0.34]; thickness: P = 0.36, d = 0.18 [—0.08; 0.44]; g ratio: P
=0.96, d = —0.036 [—0.29; 0.22]). To control for the effects of axon
diameter on measurements, a fixed-slopes general linear model was
fitted. There was a significant relationship between axon diameter
and myelin thickness (t = 16.0, P < 0.00001, Std. Coef. = 0.55 [0.48;
0.61]). Cuprizone diet significantly shifted this relationship (¢ =
12.5, P < 0.00001, Std. Coef. = 0.10 [—0.06; 0.27]), while
ZCAN262 and vehicle treatments did not differ (t = 1.22, P =
0.23, Std. Coef. = 0.55 [0.48; 0.61]). These data show that
ZCAN262 completely restores myelin to the normal levels seen in
mice not treated with cuprizone.

Significant, though less dramatic effects are seen with ZCAN262
treatment on restoring oligodendrocyte counts in the cuprizone
mouse corpus callosum, as visualized by olig2 antibody staining
(Fa65 = 230.3, P < 0.00001, n* = 0.87 [0.83; 1]) (Fig. 6, A to C). Cu-
prizone diet significantly reduced olig2" cell number (P < 0.00001, d
=5.60 [4.48; 6.71]). While treatment increased cell number relative
to vehicle (P = 0.013, d = 0.89 [0.26; 1.52]), counts were still signifi-
cantly reduced relative to control-diet—fed mice (P < 0.00001, d =
4.71 [3.72; 5.70]).

We also observed a reduction in the number of corpus callosum
Iba® cells as a result of ZCAN262 treatment, though not to that of
non—cuprizone-treated control mice (F, 39 = 306.1, P < 0.00001, n2
= 0.81 [0.77; 1]) (Fig. 7, A and B). Cuprizone diet significantly in-
creased Iba* cell number (P < 0.00001, d = —5.03 [—5.76; —4.31]),
indicative of an inflammatory response. Treatment reduced cell
number relative to vehicle (P < 0.00001, d = —2.16 [—2.66;
—1.67]), but counts were still significantly elevated relative to
control-diet—fed mice (P < 0.00001, d = —2.87 [—3.39; —2.35]).

Last, we examined markers of neuronal infiltration and axonal
damage using NeuN and Neurofilament-H staining as these are im-
portant processes in MS pathology. As shown in figs. S1 and S2,
ZCAN262 treatment had no effect on NeuN" cell number or Neuro-
filament-H green intensity.

Together, we show that ZCAN262 was able to completely restore
myelin integrity in the cuprizone-diet model of demyelination in
MS. There were also positive effects on oligodendrocyte prolifera-
tion and one measure of neuroinflammation. However, the treat-
ment did not improve measures of neuron infiltration into the
corpus callosum or axon integrity.

ZCAN262 has no effect on glutamate-mediated basal
neurotransmission and recognition memory or spatial
learning

Clinical use of glutamate receptor modulators is limited by the crit-
ical role of glutamate receptors in excitatory neurotransmission
(25). Thus, our promising results showing that ZCAN262 can
improve neurological function and protect myelin, oligodendro-
cytes, and axons would not be clinically useful if ZCAN262
blocks AMPA receptor-mediated neurotransmission. Thus, we
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Fig. 4. Administration of ZCAN262 rescued demyelination in cuprizone-diet
mice measured with FluoroMyelin staining. (A) Representative confocal images
of FluoroMyelin Green staining in control-diet (Ctr) + oral vehicle (Veh), cuprizone-
diet (Cup) + Veh, and Cup + oral ZCAN262-treated mouse brain slices. The lower
panels show the medial corpus callosum (CC) and lateral CC. Scale bar, 200 um. CC:
corpus callosum. (B) Quantification of the mean FluoroMyelin intensity in the
medial CC (n = 16 to 21 views from three mice per group). (C) Quantification
mean FluoroMyelin intensity in the lateral CC (n = 32 to 45 views from three
mice per group). Error bars represent means + SEM, one-way ANOVA, post hoc
Tukey's, ****P < 0.0001 compared to Ctr + Veh, ##P < 0.01 compared to Cup +
Veh, ####P < 0.0001 compared to Cup + Veh.

conducted electrophysiological recordings in hippocampal Schaffer
collaterals to examine the effects of ZCAN262 on basal synaptic
transmission and paired-pulse facilitation (PPF).

As expected, there was a significant effect of stimulus intensity
on field excitatory postsynaptic potential (fEPSP) peak amplitude
(F4,120 = 157.2, P < 0.0001, I]GZ =0.59). There was no effect of treat-
ment (F; 30 = 0.011, P = 0.92, r]Gz = 0.0003) or interaction between
treatment and stimulus (F, 159 = 0.50, P = 0.073, r]GZ = 0.0045) on
fEPSP amplitude (Fig. 8A). To compare input/output between treat-
ments, a general linear mixed effect model was fitted (marginal R*/
conditional R* = 0.56/0.80). There is a significant positive relation-
ship between fEPSP amplitude and fiber volley amplitude (t5; =
4.65, P < 0.0001, p = 1.66, Std. Coeff. = 0.45 [0.26; 0.64]) as well
as stimulus intensity (t;53 = 3.20, P = 0.0017, B = 0.21, Std. Coeft.
=0.29 [0.11; 0.47]) (Fig. 8B). There was no effect of treatment (¢, =
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—0.14, P = 0.89, p = —0.028, Std. Coeff. = 0.12 [-0.26; 0.50]) or in-
teraction between treatment and fiber volley (t3, = 1.43, P=0.15, B
= 0.44, Std. Coeff. = 0.12 [—0.05; 0.28]). Fiber volley amplitude and
stimulus intensity were highly multicollinear, so the true effects of
these could not be estimated in this model. If a model is fitted
without controlling for stimulus intensity (marginal R*/conditional
R’ = 0.56/0.80), the interaction between treatment and fiber volley
amplitude becomes significant (3, = 2.24, P = 0.026, p = 0.69, Std.
Coeff. = 0.19 [0.02; 0.35]). The estimated slope of the relationship
between fEPSP and fiber volley amplitude was slightly higher in
ZCAN262 (P = 3.30)— than vehicle (B = 2.60)—treated animals.
This suggests that ZCAN262 treatment may enhance basal synaptic
transmission in hippocampal circuits in a stimulus-dependent
manner, although the relationship is weak and disappears when
stimulus intensity is controlled for. Overall, and accounting for
stimulus intensity, there was no evidence that ZCAN262 treatment
altered basal synaptic transmission.

PPF is a type of short-term synaptic plasticity that arises from
presynaptic signaling mechanisms affecting vesicle release (30).
There was a significant effect of stimulus interval on paired-pulse
ratio (F; 550 = 172.2, P < 0.0001, r]Gz = 0.60), showing that there
was effective PPF (fig. S3C). There was no main effect of
ZCAN262 treatment on paired-pulse ratio (Fy 39 = 3.38, P = 0.076,
NG’ = 0.077), but there was a significant interaction between treat-
ment and stimulus interval (F; 5,0 = 2.81 P = 0.0080, r]Gz =0.024).
Post hoc contrasts revealed that this effect was driven by higher
paired-pulse ratio in ZCAN262-treated animals at shorter stimulus
intervals (25 ms, t54 = 2.25, P=0.076,d = 1.46 [0.15; 2.76]; 50 ms, ts4
=2.83,P=0.032,d=1.83[0.52; 3.14]; 100 ms, t54 = 2.76, P = 0.032, d
= 1.79 [0.48; 3.49]). This suggests that ZCAN262 treatment may
weakly potentiate presynaptic release probability at low stimulus
intervals.

Compounds that disrupt synaptic transmission may affect cog-
nition. We measured recognition memory and spatial learning in
wild-type mice treated chronically with ZCAN262 to ensure that
there was no disruption in common measures of learning
and memory.

The novel object recognition test (NORT) was used to measure
recognition memory. There was no effect of ZCAN262 treatment on
how much the mice inspected the objects during familiarization (¢,
= —0.70, P = 0.50, d = 0.34 [—-1.31; 0.64]) (fig. S3A). As expected,
mice spent significantly more time with the novel object during the
novelty phase (F; 5, = 9.19, P = 0.0061, ng> = 0.16), averaging 24.2 s
[10; 42.3] longer, demonstrating that the mice remembered the fa-
miliar object (fig. S3A). There was no effect of treatment (F, ,, =
1.42, P = 0.25, ng> = 0.035) or interaction (F, ,, = 0.025, P = 62,
NG’ = 0.005) on inspection time in the novelty phase. Furthermore,
there was no effect of ZCAN262 treatment on discrimination index
(DI) (ty;= 0.079, P = 0.94, d = 0.03 [—0.82; 0.89]) (fig. S4B). This
suggests that ZCAN262 had no impact on recognition memory.

Spatial learning was assessed in the Morris water maze (MWM).
First, there was no effect of ZCAN262 treatment on swimming ve-
locity (19 =—0.33, P=0.74,d = —0.15 [-1.05; 0.75]) (fig. S3C). Mice
took significantly less time to find the platform with each training
day (F; 6 = 12.86, P < 0.0001, np2 =0.37) showing effective learning
of the platform position (fig. S3D). There was no main effect of
treatment (F; 5, = 0.0015, P = 0.97, r]p2 < 0.0001) or interaction
between treatment and training (F;6¢ = 0.83, P = 0.48, r]p2 =
0.04). This suggests that ZCAN262 did not affect spatial learning.
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Fig. 5. Administration of ZCAN262 rescued demyelination in cuprizone-diet mice measured by electron microscopy. (A) Representative corpus callosum (CC)
electron microscopy images in control-diet (Ctr) + oral vehicle-treated (Veh), cuprizone-diet (Cup) + Veh, and Cup + oral ZCAN262-treated mice. The lower panel
images show a higher magnification. (B) Quantification of the density of myelinated axons per 100 um? n = 39 to 62 views from three to four mice per group. (C)
Quantification of the Myelin thickness, n = 109 to 129 axons from three to four mice each group. (D) Quantification of the g ratio of the myelinated axons. n = 109
to 129 axons from three to four mice each group. (E) The scatterplot showing the individual g-ratio values and axonal diameter distribution, fixed-slopes general
linear model. Error bars represent means + SEM, one-way ANOVA unless otherwise indicated, post hoc Tukey's, ****P < 0.0001 versus Ctr + Veh; ####P < 0.0001

versus Cup + Veh.
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Fig. 6. Administration of ZCAN262 increased number of corpus callosum oligodendrocytes in cuprizone-diet mice. (A) Representative confocal images of staining
with antibody against Olig2 in control-diet (Ctr) + oral vehicle (Veh), cuprizone-diet (Cup) + Veh, and Cup + oral ZCAN262-treated mouse brain slices. The lower panel
images show the medial corpus callosum (CC) and lateral CC from each group. Scale bar, 200 pm. (B) Quantification shows the density of oligodendrocyte-lineage cells in
the CC. n = 21 to 28 views from three mice per group, error bars represent means + SEM, one-way ANOVA, post hoc Tukey's, ****P < 0.0001 compared to Ctr + Veh, #P =

0.0131 compared to Cup + Veh.

Together, we have evidence that ZCAN262 can improve MS pa-
thology without disrupting basal synaptic transmission or measures
of recognition memory and spatial learning. There was evidence for
potentiation of short-term synaptic plasticity, but these effects did
not negatively affect functional measures of cognition.

DISCUSSION

We have found a small-molecule compound that has therapeutic
effects in mouse models for MS and has potential for further
drug development. In summary, we used in silico methods to iden-
tify three candidate small molecules that bind to an allosteric
binding site on the GluA2 AMPA subunit: YH668, ZCAN155,
and ZCAN262. All three compounds produce substantial improve-
ments in neurological deficits in EAE mice in vivo at doses between
1 and 10 mg/kg. We elected to perform additional experiments with

Zhai et al., Sci. Adv. 9, eadj6187 (2023) 8 December 2023

ZCAN262, which restored open field locomotion and rotarod per-
formance in cuprizone MS model mice to that of normal control
mice. ZCAN262 also restored myelination, the number of myelin-
ated axons, and myelin thickness in cuprizone-treated mice to
healthy control levels. Less dramatic but still notable rescue to oli-
godendrocyte numbers was also seen in conjunction with reduction
in activated microglia.

While promising, these results of course require replication and
could also be extended to include additional cellular and molecular
characterization of the effects on both EAE and cuprizone mouse
models. In particular, it would be useful to dissect the impact of
our compounds on molecular regulators of excitotoxicity, cellular
markers of neurodegeneration, and myriad immunological pheno-
types including T cell subtype quantification, pro- and anti-inflam-
matory cytokine levels, and entry of immune cells into the CNS.
Additional clinical phenotyping of therapeutic effects in mouse
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Fig. 7. Administration of ZCAN262 decreased inflammatory response in the corpus callosum of cuprizone-diet mice. (A) Representative confocal images of anti-
Iba1 staining in control-diet (Ctr) + oral vehicle (Veh), cuprizone-diet (Cup) + Veh, and Cup + oral ZCAN262—treated mouse brain slices. White boxes indicate the region
scaled up in the leftimage. Scale bar, 50 uM. (B) Quantification of the density of microglia in the corpus callosum (CC). n = 42 to 54 views from three mice per group, error
bars represent means + SEM, one-way ANOVA, post hoc Tukey's, ****P < 0.0001 compared to Ctr + Veh, ####P < 0.0001 compared to Cup + Veh.

models, including nerve conduction and live in vivo imaging, would
provide further support for the viability of these compounds as po-
tential drug treatments for MS in humans.

There are many existing immune-modulating drugs used to treat
RRMS, but our potential drug candidates exploit a different thera-
peutic strategy: neuroprotection. It is possible that one of our com-
pounds could be used in conjunction with current immunological
treatments and could have complementary effects. As with cancer
chemotherapy drug cocktails, simultaneous targeting of a disease
pathway at multiple points can have synergistic effects that result
in better outcomes and fewer side effects than monotherapy.
Another potential application of our small-molecule compounds
could be to treat the progressive forms of MS, for which there are
no effective treatments available to arrest the neurodegeneration
and accumulating neurological deficits.

An important limitation of this paper is the reliance on mouse
models, which can only capture some aspects of MS in humans.
Cross-species translation is imperfect, since both animal models
consist of initiating inflammatory demyelination with an artificial
external agent (31, 32). Although many drugs that show efficacy
in MS mouse models do not make it to the clinic, current drugs
used to treat MS were developed on the basis of these models
(33). It would be useful to test our compounds in other MS

Zhai et al., Sci. Adv. 9, eadj6187 (2023) 8 December 2023

animal models, for example, using Semliki Forest virus and
Theiler's murine encephalomyelitis virus to initiate an autoimmune
reaction (34). We focused on the cuprizone model because it uses a
toxin-based demyelination approach, and we had previous data
demonstrating the efficacy of blocking excitotoxicity in mouse MS
models (24).

ZCAN262 treatment rescued oligodendrocyte numbers but not
to control levels. Possible explanations include that the small mol-
ecule is primarily acting to reduce neuron death and the subsequent
release of myelin that in turn activates autoimmune attacks that kill
more neurons and propagate the cycle. This mechanism of drug
action will reduce the loss of myelin, whereas the production of
myelin is by oligodendrocytes. The net amount of myelin is an equi-
librium between production and destruction, and our drug works
primarily on the latter. Another possibility is that we quantified ol-
igodendrocyte markers too early in the recovery process and that
additional serial measurements might capture more com-
plete rescue.

In conclusion, MS remains a considerable therapeutic challenge,
particularly the progressive forms of the disease for which there are
limited treatments. The solution may be to move beyond immune-
modulating drugs to a different strategy, and that is what our data
support: a focus on protecting neurons and myelinated axons. Of
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Fig. 8. Acute ZCAN262 treatment does not affect basal synaptic properties in hippocampus Schaffer collaterals. (A) fEPSP peak amplitude at varying stimulus
intensities with example traces inset. (B) Input/output relationship showing fEPSP peak amplitude plotted against mean fiber volley amplitude at each stimulus intensity,
general linear mixed effects model (GLM). (C) PPF expressed as the ratio between the second and first responses to two stimuli given at varying time intervals. Error bars
indicate the means + SEM, n = 16 measured brain slices taken from four mice, repeated-measures ANOVA or GLM, post hoc marginal means; ns, not significant; *P < 0.05.

course, our data provide only the scientific starting point for drug
development and, in addition to the experiments discussed above,
will require substantial investment to collect basic data on toxicity,
absorption, distribution, metabolism, and excretion, while simulta-
neously generating clinically applicable formulations, before human
clinical trials can be attempted. Nevertheless, the data presented
here suggest the potential for an MS treatment targeting AMPA-
mediated excitotoxicity with a small-molecule allosteric modulator.

MATERIALS AND METHODS

In silico small-molecule screening

Small-molecule screening was performed by Atomwise using their
AtomNet three-dimensional (3D) convolutional neural network for
structure-based drug design (28). Data consisted of a 3D Cartesian
coordinate mapping of each protein-ligand complex in multiple ori-
entations, subsequently rasterized onto a grid based on the structur-
al features present at each point. These grids formed the input for
the 3D convolutional neural network. AtomNet was trained to
predict binding affinity with a dataset of several million Ki and
ICs, values and several thousand protein structures of different
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families using a network architecture of a 20 A by 20 A by 20 A
grid with a 1-A spacing for the input layer, followed by four convo-
lutional layers of 128 x 53, 256 x 33, 256 x 33, and 256 x 33 (number
of filters x filter dimension), and two fully connected layers with
1024 rectified linear unit (ReLU) hidden units each (28), topped
by a logistic-regression cost layer over two activity classes. Multiple
poses within the binding site cavity for a given ligand were sampled.
Each of these poses represents a putative co-complex. The scores for
each pose in the ensemble were combined through weighted Boltz-
mann averaging to produce a final score. The error in these scores
against experimentally measured Ki or ICs, values of protein-ligand
pairs in the training set was minimized using stochastic gradient
descent with the AdaDelta adaptive learning method (35), backpro-
pagation (36), and mini-batches of 768 examples per gradient step.

The structure for AMPA glutamate receptor subunit 2 (GluA2)
was downloaded from the PDB (3KG2), which contained the dis-
covered N-terminal binding site (YYQWDKFAYLYDSDRG-
LSTLQAVLDSAAEK). The structure was inspected to ensure no
missing residues in the binding site. Chimera was used to remove
water molecules, add missing side chains and hydrogens, and
relax steric strains via local energy minimization (37). The trained
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AtomNet algorithm was used to predict scores for immediately
commercially available compounds from the ZINC catalog. Salts
and duplicate structures were filtered out along with molecules
likely to cause assay artifacts chosen by applying pan-assay interfer-
ence compounds (PAINS) filters to remove aggregators (38), auto-
fluorescers, redox cyclers, or other problematic compounds that
would interfere with the assay. Lipinski-like rules were used to
filter out molecules that were predicted not to permeate the
blood-brain barrier [50 < My, < 450 daltons, cLogP < 5, topological
polar surface area (TPSA) < 70, hydrogen bond donor (HBD) < 4,
HB acceptor (HBA) < 8, number of chiral centers < 4] (39). Mole-
cules remaining in the screen were clustered using the Butina algo-
rithm and a Tanimoto similarity cutoff of 0.9 over the daylight
fingerprints (40) implemented in OpenBabel (41). Exemplar com-
pounds from each cluster were then ranked by AtomNet to screen
for compounds that bind to the allosteric pocket.

Glutamate excitotoxicity cell death assay

Compounds were assessed for the prevention of glutamate-mediat-
ed excitotoxicity using CellTox Green cytotoxicity assay kits
(Promega, G8743) following the manufacturer’s instructions.
HEK293 cells stably expressing GluA1 and GluA2 at a 1:1 ratio
(Life Technologies Corporation, Carlsbad, CA, USA, SKU:
M3771, custom order) were grown in Dulbecco’s modified Eagle's
medium with 10% fetal bovine serum. Cells were trypsinized and
suspended in 0.05% EDTA-Trypsin. CellTox Green was added to
the cell suspension (1:500 final volume), and 20 pl of the suspension
was pipetted into the assay plates. The appropriate concentration of
each test compound (highest concentration of 1 M with a 3x serial
dilution) was added to each well along with 10 uM AMPA, and the
plates were incubated for 24 hours. Fluorescence intensity at 485 to
500 nmg,/520 to 530 nmg,, was then measured using a plate reader
to assess cell death. Untreated and AMPA-only wells were included
as positive and negative controls, respectively, along with 4 ul of
CellTox green lysis solution alone to track assay drift. A dose-re-
sponse curve was generated for compounds with an ICsq of less
than 200 nM.

In vitro pharmacokinetics and toxicology

In vitro ADMET assays were conducted by Cyprotex Ltd. (U.K.)
using industry-standard routine assay conditions described at
https://cyprotex.com.

In vivo pharmacokinetics

Pharmacokinetics studies were conducted by Sai Life Sciences
(India). Briefly, plasma pharmacokinetics and brain distribution
of ZCAN262 were investigated in male Sprague Dawley rats follow-
ing a single intravenous and oral administration at a dose of 5 mg/
kg. Fifty-four male rats were divided into two groups as group 1 (n =
27) and group 2 (n = 27) with three rats per time point sparse sam-
pling design. Animals in group 1 were administered intravenously
as slow bolus injection through the tail vein, with solution formu-
lation of ZCAN262 at a 5 mg/kg dose. Animals in group 2 were ad-
ministered through the oral route with solution formulation of
ZCAN262 at a 5 mg/kg dose. The formulation vehicle for both
the groups was 5% v/v N-Methyl-2-pyrrolidone (NMP), 5% v/v
Solutol HS-5, and 90% v/v normal saline. Blood samples (approx-
imately 120 ul) were collected under light isoflurane anesthesia
(Surgivet) from retro-orbital plexus from a set of three rats at
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predose (oral route of administration only), 0.08 (for intravenous
only), 0.25, 0.5, 1, 2, 4, 6, 8, and 24 hours. In addition, along with
terminal blood samples, brain samples were collected at pre-dose
(for per os only), 0.08 (for intravenous only), 0.25, 0.5, 1, 2, 4, 6,
8, and 24 hours after dosing from three rats per time point. Imme-
diately after blood collection, plasma was harvested by centrifuga-
tion at 4000 rpm, 10 min at 4°C, and samples were stored at —70 +
10°C until bioanalysis. Following blood collection, immediately, the
animals were euthanized, then abdominal vena cava was cut open,
and the whole body was perfused from the heart using 10 ml of
normal saline. Brain samples were collected from a set of three
rats at each specified time point from respective animals. After iso-
lation, tissue samples were rinsed three times in ice-cold normal
saline (for 5 to 10 s/rinse using ~5 to 10 ml of normal saline in a
disposable petri dish for each rinse) and dried on blotting paper.
Tissue samples were homogenized using ice-cold phosphate-buff-
ered saline (PBS, pH 7.4). Total homogenate volume was three
times the tissue weight. All homogenates were stored below —70 +
10°C until bioanalysis.

All samples were processed for analysis by protein precipitation
method and analyzed with fit-for-purpose liquid chromatography
tandem mass spectrometry method (LLOQ = 1.02 ng/ml for
plasma and brain). The plasma and brain pharmacokinetic param-
eters were estimated using the noncompartmental analysis tool of
Phoenix WinNonlin software (ver. 8.0).

Animals

All animal procedures were approved by the Center for Addiction
and Mental Health Animal Care Committee and done in accor-
dance with the requirements of the Province of Ontario Animals
for Research Act 1971 and the Canadian Council on Animal
Care. Mice were housed up to five per cage under controlled condi-
tions (cellulose pellet bedding, Bed-r'Nest paper nesting, 23 + 1°C,
50% = 10% humidity, and 12-hour light cycle) with ad libitum
access to food and water. C57BL/6 mice were ordered from
Charles River Laboratories (Wilmington, MA, USA, stock no.:
027) and allowed to acclimate to the facility for 1 week and habitu-
ated to handling before the start of procedures.

Experimental autoimmune encephalitis

EAE was induced as described previously (33). Female C57BL/6
mice (9 weeks of age) were immunized by subcutaneous injection
with recombinant MOG3;5_s5 (200 pg, Biomatik Corporation, Cam-
bridge, ON, Canada) emulsified in complete Freund's adjuvant (in-
complete Freund's adjuvant, Sigma-Aldrich, Oakville, ON, Canada;
4 mg/ml Mycobacterium tuberculosis, strain H37Ra, BD Bioscienc-
es, Missisauga, ON, Canada) into four sites on the back (50 pl per
site). Pertussis toxin (200 ng, List Biological Laboratories Inc.,
Campbell, CA, USA) was injected intraperitoneally on days 0 and
2 after immunization. Mice were assessed daily using a scale for clin-
ical signs of progressive paralysis [clinical score: 0, asymptomatic;
0.5, distal paresis of the tail; 1, complete tail paralysis; 1.5, paresis
of the tail and mild hindlimb paresis; 2, unilateral severe hindlimb
paresis; 2.5, bilateral severe hindlimb paresis; 3, complete bilateral
hindlimb paralysis; 3.5 complete bilateral hindlimb paralysis and
paresis of one front limb; 4, complete paralysis (tetraplegia)].
Animals were treated daily by intraperitoneal injection with com-
pound 1 or compound 3, or orally with ZCAN262 or vehicle
[saline, 5% dimethyl sulfoxide (DMSO), and 5% Tween 80] via
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oral gavage starting on day 11 after EAE induction, which is when
symptoms first begin to appear.

Cuprizone-diet demyelination

High-protein control diet and 0.2% cuprizone diet were purchased
from Envigo (Indianapolis, IN, USA). Female C57BL/6 mice (7
weeks of age) were switched from their standard diet to either the
cuprizone or control diet for 6 weeks. Animals were then treated
daily with ZCAN262 (5 mg/kg) or vehicle (saline, 5% DMSO, and
5% Tween 80) starting after 2 weeks on the cuprizone diet. After 6
weeks, the animals were subjected to behavioral testing and then eu-
thanized for myelin assessment.

Transmission electron microscopy

Brains from control-diet or treated and untreated cuprizone-fed
mice were prepared using the standard methods for the Embed
812 resin kit (Electron Microscopy Sciences, EMS). The corpus cal-
losum was dissected from mice that were perfused with fixative.
Samples were fixed with for 1 hour at room temperature (RT)
and overnight at 4°C [4% paraformaldehyde (PFA) and 1% glutar-
aldehyde in 0.1 M phosphate buffer, pH 7.2]. Samples were washed
3x for 15 min each at RT (0.1 M phosphate buffer, pH 7.2) and then
immersed in secondary fixative for 1 hour at RT in the dark (1%
OsOy in 0.1 M phosphate buffer). Samples were washed three
more times for 10 min at RT. Samples were then dehydrated in a
gradient ethanol series: 30% for 15 min, 50% for 20 min, 70% for
30 min, 90% for 45 min, and 100% for 60 min. Samples were infil-
trated using the Embed 812 resin kit (EMS) diluted with propylene
oxide: 100% propylene oxide for 20 min, 33% (v/v) Embed 812 resin
mixture in propylene oxide for 2 hours, 67% (v/v) for 3 hours, 100%
Embed 812 overnight, and fresh 100% Embed 812 for 2 hours. After
infiltration, samples in resin were put in molds and cured at 65°C
for 48 hours.

Resin blocks were sectioned with a Reichert Ultracut E micro-
tome (Leica) to 80-nm thickness and collected on 300 mesh
copper grids (EMS). The sections were counter stained using satu-
rated 5% uranyl acetate (EMS) for 10 min followed by Reynold's
lead citrate (EMS) for 10 min. Prepared grids were placed on a
filter paper mat in labeled petri dishes and stored in a desiccator
until imaging. Sections were imaged using a Talos L120C transmis-
sion electron microscope (Thermo Fisher Scientific) at an acceler-
ating voltage of 120 kV. Regions of interest were examined at
magnifications from 2600x to 57,000x resulting in a field of view
of 22.4 down to 1.02 pum, and a pixel size of 5.46 nm down to 249
pm. The density of myelinated axons was calculated as myelinated
axon number per 100 um?* Myelin thickness was calculated as the
outer diameter — inner diameter. g ratio was calculated as the inner
diameter/outer diameter.

Immunohistochemistry

Mice were perfused with ice-cold PBS, followed by 4% PFA in PBS
after anesthetic overdose. Brain tissue was postfixed in 4% PFA
overnight and then transferred to 30% sucrose and frozen at —80°
C. Coronal sections were cut using cryostat (25 um). Sections were
permeabilized with 0.3% Triton X-100 in PBS for 30 min and
blocked with 2% bovine serum albumin in PBS at RT for 1.5
hours. Sections were incubated with anti-olig2 (1:200, Abcam,
catalog ab109186), anti-Ibal antibody (1:200, Novus, catalog
NB100-1028), anti-Neurofilament nonphosphorylated (SMI-32,
1:200, BioLegend, catalog 837904), or anti-NeuN (1:200, Millipore,
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catalog MAB377) overnight at 4°C. Secondary antibodies were
probed for 1.5 hours at RT. For FluoroMyelin Green staining, sec-
tions were incubated in staining solution (1:300, Invitrogen, catalog
F34651) for 20 min at RT. All images were acquired using an
Olympus FluoView FV1200 confocal microscope at x10 magnifica-
tion. The mean intensity of fluorescence signal was analyzed
using Image].

Electrophysiology

Male C57BL6/] mice were treated with ZCAN262 (5 mg/kg) or
vehicle via oral gavage 1 hour before they were euthanized for elec-
trophysiological recordings. Electrophysiological recordings were
done in the Schaffer collateral-commissural pathway in the dorsal
hippocampus as previously described. In brief, mouse brains were
collected and prepared into 350-um slices in ice-cold artificial cere-
brospinal fluid (ACSF) saturated with 95% 0,/5% CO, [ACSF
(mM): 120.0 NaCl, 3.0 KCl, 1.2 MgSO,, 1.0 NaH,PO,, 26.0
NaHCOs;, 2.0 CaCl,, and 11.0 p-glucose]. Prepared slices were
allowed to recover at RT for at least 2 hours before the start of re-
cording. Single slices were transferred to a submersion chamber and
perfused with 95% O,/5% CO, saturated ACSF maintained at 2.4
ml/min. Synaptic transmission was evoked by electrical stimulation
at 0.067 Hz and recorded with glass pipettes (3 to 4 megohms) filled
with ACSF. For the input-output field potential recordings, the
stimulus intensity was increased gradually (0, 1, 2, 3, 4, and 5
mA). For PPF, stimulation was delivered with inter-pulse intervals
of 25, 50, 100, 200, 300, 400, 500, or 1000 ms, and PPF was calcu-
lated as the ratio of the second response peak value over the first.

Behavioral testing

Open field test

The open field test procedure was performed using Noldus Pheno-
Typer boxes, which consist of 30 cm by 30 cm by 35 cm (length by
width by height) plexiglass chambers with built-in infrared camera
and lighting systems. Mice were placed in the PhenoTypers and re-
corded for a 90-min period. Velocity and distance traveled were
scored automatically using Ethovision XT software.

Rotarod

A Panlab rotarod apparatus was used for the rotarod test. Mice were
placed on the apparatus and allowed to walk for 1 min with the
tracks rotating at 4 rpm. The rotation speed was then accelerated
from 4 to 40 rpm over 120 s. The time and rpm at the fall was mea-
sured and averaged over three trials for each mouse.

Novel object recognition test

The NORT was performed as previously described (42). The proce-
dure consisted of a habituation phase, familiarization phase, and a
novelty phase. During habituation, each mouse was allowed to freely
explore the empty open field arena (40 cm by 40 cm by 40 cm) for 5
min. During familiarization the following day, two identical objects
(blue bottle caps) were placed near the two corners at either end of
one side of the arena, and each mouse was placed into the arena and
allowed to explore freely for 5 min. After a 1-hour delay, either the
left or right familiar object was replaced with a novel object (T-25
flask filled corn cob bedding) for the novelty phase, alternating for
each mouse. Mice were placed into the arena and allowed to explore
freely for 5 min. The time spent investigating each object was re-
corded (nose within 2 cm of the object) and scored using Ethovision
10 software. The DI was calculated for the novelty phase as [DI =
(Novel — Familiar)/(Novel + Familiar)]. Male C57BL/6 mice were
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treated daily with ZCAN262 (5 mg/kg) or vehicle via oral gavage
starting 1 week before testing.

Morris water maze

The MWM was performed as previously described (43). The MWM
consisted of a 100-cm diameter pool with a 10-cm diameter plat-
form submerged in water tinted with nontoxic tempura paint.
Mice were placed in the MWM at differing starting positions ap-
proximately equidistant from the platform and given 60 s to find
the platform on each trial. Each mouse underwent six trials per
day separated by 20 min. On the pretraining day, mice were
trained with the platform visible. The mice were then trained for
4 days in the MWM. The mean time it took to find the platform
across all trials on each training day was recorded and analyzed
with Ethovision 10 software. Male C57BL/6 mice were treated
daily with ZCAN262 (5 mg/kg) or vehicle via oral gavage starting
1 week before testing.

Statistical analysis

Data were checked for normality with Shapiro's test and homogene-
ity of variance with Bartlett's test. Residual plots were examined for
normality and homoscedasticity. Pairwise means were compared
with Welch's ¢ tests. Factorial data from histology and biochemistry
experiments were analyzed by one-way analysis of variance
(ANOVA) with post hoc Tukey's, Dunnett’s, or marginal means
contrasts where indicated. Repeated-measures ANOVAs were
used for EPSP amplitude, PPF, and time-series data (e.g., EAE clin-
ical score, and MWM). False discovery rate was used for multiple-
test correction for sets of contrasts. Fixed-slopes linear regression
was used to compare g ratio against axon diameter. General linear
mixed effect models were used for input/output analysis with fEPSP
amplitude as a response, fiber volley amplitude and treatment as
predictors, measured brain slice as a random effect, and stimulus
intensity as a covariate. Outliers were removed by detecting points
with all three of Mahalanobis distance, Cook's distance, and lever-
age above the calculated thresholds (degrees of freedom per
sample). Multicollinearity was detected by calculating variance in-
flation factors. Autocorrelation was tested using Durbin-Watson
tests. Confidence intervals were calculated by bootstrap resampling
where shown. Analyses were performed using Graphpad Prism
or R.
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